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Abstract. We study the influence of the centrality definition and de-
tector efficiency on the net-proton kurtosis for minimum bias Au+Au
collisions at a beam energy of
√
sNN = 7.7 GeV by using the UrQMD
model. We find that different ways of defining the centrality lead to dif-
ferent cumulant ratios. Moreover, we demonstrate that the kurtosis is
suppressed for central collisions when a wider transverse momentum ac-
ceptance is used. Finally, the influence of a detector efficiency on the
measured cumulant ratios is estimated.
Keywords: Centrality definition · Cumulant ratios · Net-proton number
fluctuations.
1 Introduction
One aim of heavy ion collisions is to study the phase structure of the strong inter-
action or quantum chromodynamics (QCD) which has been widely investigated
both in experiment and theory. QCD based models predict a first-order phase
transition at large µB which ends in a QCD critical point (CP) [1]. The QCD
phase structure can be disclosed from the study of event-by-event fluctuations of
conserved quantities which can be defined in the form of cumulants. Especially
cumulants of sthe net-proton number are predicted to be sensitive to the pres-
ence of a QCD phase transition [2,3] and CP [4,5,6,7]. Higher order cumulants
are particularly sensitive to a divergent correlation length close to the CP. The
higher order susceptibilities of baryon number, electric charge and strangeness
have been calculated theoretically in [8,9,10,11,12,13,14,15,16]. Experimentally,
event-by-event fluctuations of higher order cumulants of net-proton, net-pion
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and net-kaon number were measured by RHIC [17,18,19,20,21,22] and LHC
[23,24,25]. Hereby, a non-monotonic behaviour of higher order cumulant ratios
as a function of beam energy might disclose critical behaviour. Although critical
fluctuations have been widely studied, there are still difficulties in understanding
the interplay of different effects and their impact on the measured observables.
Some uncertainties that we are going to address in this paper using the UrQMD
model are the centrality determination, the importance of volume fluctuations,
the transverse momentum (pT ) acceptance, and efficiency corrections.
1.1 The UrQMD model
For the present study, we use the Ultrarelativistic Quantum Molecular Dynamics
(UrQMD) model to study cumulant ratios of the net-proton number distribution.
The UrQMD model is a microscopic transport model which is able to simulate
p+p, p+A and A+A collisions. It is based on the covariant propagation of con-
stituent quarks and anti-quarks accompanied by mesonic and baryonic degrees
of freedom, binary elastic and inelastic scattering of hadrons, resonance excita-
tions as well as string dynamics and strangeness exchange reactions [26,27,28].
The elementary cross-sections are interpreted geometrically and are taken from
experimental data [29].
2 Method
2.1 Calculation of cumulants
The fluctuations of the net-proton number distribution can be characterized by
the corresponding cumulants. These are calculated as
C1 = M = 〈N〉 (1)
C2 = σ
2 =
〈
(δN)2
〉
(2)
C3 = Sσ
3 =
〈
(δN)3
〉
(3)
C4 = κσ
4 =
〈
(δN)4
〉− 3 〈(δN)2〉2 (4)
where (δN) = N − 〈N〉, and 〈N〉 is the event-averaged value of the net-proton
number N. We consider the following ratios of these cumulants,
C2
C1
=
〈
δN2
〉
〈N〉 =
σ2
M
(5)
C3
C2
=
〈
δN3
〉
〈δN2〉 = Sσ (6)
C4
C2
=
〈
δN4
〉
〈δN2〉 − 3
〈
δN2
〉
= κσ2 (7)
with combinations of mean (M), variance (σ2), skewness (S) and kurtosis (κ) of
measured event-by-event fluctuations. For the statistical error calculations, we
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use the the delta theorem [30] which states that the error of cumulant ratios is
proportional to a certain power of the standard deviation as:
error(
Cr
C2
) ∝ σ
r−2
√
n
. (8)
Here, r denotes the order of the cumulant, and n the number of events.
2.2 Centrality definition
In heavy-ion experiments, there is no unique definition of centrality. As the im-
pact parameter (b) is experimentally not accessible, observables like the number
of participants (Npart) or the number of charged particles (Ncharge) are used.
These can be related to the impact parameter e.g. by a Glauber model. There-
fore, the centrality is practically determined by particle multiplicities. In our
work, the centrality will be defined by Npart, Ncharge or the number of partici-
pants in the projectile, Npart−projectile. Calculation of cumulants as a function of
Npart and Ncharge is believed to minimize volume fluctuations which can have an
influence on the extracted ratio of cumulants. We study the dependence of the
net-proton number on the different centrality definitions. For this, we simulate
Au+Au collision at a beam energy of
√
sNN = 7.7 GeV with impact parameters
in the range 0 ≤ b ≤ 15 fm. We define the following quantities,
– Ncharge: The number of all charged particles with |η| ≤ 1 and 0.15 < pT <
2.0 GeV minus the number of protons and anti-protons in this specific ac-
ceptance range.
– Npart: 394 minus all spectator protons and neutrons defined by |y| > 1.5 and
pT < 0.3 GeV.
– Npart−projectile: 197 minus all projectile spectator protons and neutrons de-
fined by y > 1.5 and pT < 0.3 GeV.
We determine the distribution of these three different quantities as shown in
figure 1. The three different methods give different distributions. We find that the
participant distribution of Npart shows a sharp cutoff at the maximum number
of participants, whereas the distribution of Ncharge shows a much smoother drop.
The centrality is classified into 10 centrality bins of 0-10%, 10-20%, 20-30%, 30-
40%, 40-50%, 50-60%, 60-70%, 70-80%, 80-90% and 90-100%. We calculate the
cumulants Cn for a fixed Npart (Ncharge, Npart−projectile) and then average those
cumulants over all Npart in a given centrality bin. The ratios of cumulants are
then determined as ratios of averages.
3 Results
3.1 Dependence on centrality definition
We first assume that the efficiency of the detector and its acceptance are perfect
(100%) for all particles. Figure 2 shows the result of the net-proton number
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Fig. 1. [Color online] Distributions of Ncharge, Npart and Npart−projectile in Au+Au
collision at a beam energy of
√
sNN = 7.7 GeV with impact parameter 0 ≤ b ≤ 15 fm.
Figure from [31].
kurtosis as a function of centrality for the three centrality definitions, at mid-
rapidity |y| < 0.5 and within transverse momentum 0.4 < pT < 0.8 GeV. For the
most central collisions, we find that the value of the kurtosis does not depend
on the centrality definition. On the other hand, for mid-central collision, the
difference between the values of κσ2 becomes larger. Moreover, the centrality
defined by Ncharge yields only a mild dependence of the kurtosis on the centrality
because it not subject to large volume fluctuations. Thus, we use Ncharge in what
follows to define the centrality to investigate other effects.
3.2 Effect of transverse momentum range
We now study the kurtosis of the net-proton number as a function of central-
ity which is defined by Ncharge for two different transverse momentum ranges,
namely (0.4 < pT < 0.8 GeV) and (0.4 < pT < 2.0 GeV). The result is shown in
figure 3. It can be seen that for the most central collisions, the value of the kurto-
sis is strongly suppressed for the larger acceptance range due to baryon number
conservation. At mid-central collisions, the value of the kurtosis is larger for
the wider transverse momentum range which indicates that volume fluctuations
affect the extracted kurtosis.
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Fig. 2. [Color online] The kurtosis of the net-proton number as a function of centrality
which is defined by three different quantities, the number of charged particles, the
number of participants and the number of participants in the projectile. Figure from
[31].
3.3 Effect of efficiency
In practice, particle detectors are not ideal systems but suffer from a finite par-
ticle detection efficiency. The efficiency is the number of produced particles that
are recorded in the detector divided by the overall yield, see [32]. Therefore,
detectors measuring particle number fluctuations will never perform perfectly.
We now show how an efficiency below 100% influences the measurement of cu-
mulants. We begin by studying the effect of efficiency on the fluctuations. In
figure 4, we show the result of the net-proton number kurtosis in two different
pT ranges as a function of centrality at 100% and 70% Ncharge efficiency. It is
found that the reduced (realistic) efficiency leads to an overall increase of the
kurtosis.
Second, we study the effect of a proton efficiency. The result of the variance,
skewness and kurtosis of the net-proton number as a function of centrality defined
by 70% Ncharge efficiency is shown in figure 5. We compare the results for 100%
and 75% proton efficiency. The circles represent calculations with 100% proton
efficiency, the squares are 75% proton efficiency. We find that the cumulant ratios
of the net-proton number for the 75% proton efficiency is smaller than for the
100% proton efficiency.
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Fig. 3. [Color online] The kurtosis of the net-proton number as a function of centrality
(defined by Ncharge) for two different transverse momentum pT ranges. Figure from
[31].
4 Conclusions
We have studied the effect of different methods for centrality determination
on the measured net-proton kurtosis. We have found that different centrality
definitions give different results for the kurtosis. Using a centrality defined by
Ncharge reduces the effect of volume fluctuations. Moreover, we have studied the
effect of two different transverse momentum ranges accepting net-protons in the
measurement. We have seen that the wider transverse momentum range leads
to a strongly suppressed kurtosis at central collisions. Finally, we have observed
the effect of centrality determination, finding a clear impact on the value of the
kurtosis.
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